Culture of bovine preimplantation embryos with gossypol, a polyphenolic pigment in cottonseed, inhibits development. Neither stage at which embryos are most sensitive to gossypol, nor the mechanism by which development is blocked is known. Our objectives were to characterize stages at which gossypol inhibits embryonic development and evaluate involvement of apoptosis in actions of gossypol. When presumptive 1-cell embryos were cultured continuously in medium containing gossypol at concentrations of 0, 2.5, 5, and 10 µg/mL, cleavage rate was not reduced by any concentration of gossypol, but percentages of 1-cell embryos that became blastocysts 8 d after insemination was reduced by the 10 µg/mL dose of gossypol. Culture of presumptive 1-cell embryos with gossypol at 10 µg/mL for 24 h was not sufficient to block development. Furthermore, gossypol did not affect development to the blastocyst stage when 2-cell embryos were cultured with gossypol at 10 µg/mL for 24 h or 7 d. Culture of embryos ≥16 cells with gossypol at 10 µg/mL for 24 h failed to reduce cell number 24 h later or increase blastomere apoptosis. Results indicate that embryonic development can be disrupted by long-term exposure to gossypol at 10 µg/mL and that exposure at the 1-cell stage is required. Thus, it is likely that the deleterious effects of gossypol involve disruption of events at the 1-cell stage and such effects are reversible if gossypol is removed. After the 1-cell stage, gossypol does not affect development because the critical event that gossypol disrupts occurs at the 1-cell stage only or the embryo develops cytoprotective mechanisms after the 1-cell stage that limit actions of gossypol. (Key words: gossypol, embryo, apoptosis) Abbreviation key: BE2 = bovine embryo 2, IVF = in vitro fertilization, KSOM = potassium simplex opti-
INTRODUCTION
Gossypol is a polyphenolic pigment found in cottonseed that has been implicated in disrupting spermatogenesis in bulls (Velasquez-Pereira et al., 1998; Cerelli and Johnson, 1999; Chenoweth et al., 2000) and in reducing the proportion of cows pregnant after insemination . Reduction in female fertility is likely due, at least in part, to disruption of embryonic function because culture of bovine embryos with gossypol inhibited development (Zirkle et al., 1988; Brocas et al., 1997) . Concentrations shown to inhibit development (5 to 12.5 µg/mL) are less than the 16 µg/mL concentration found in the endometrium of heifers fed a diet high in gossypol (Velasquez-Pereira et al., 2002) and are similar to plasma concentrations associated with decreased fertility in lactating cows .
The mechanism by which gossypol inhibits embryonic development is not known, but in other cells, gossypol exerts several effects that could be deleterious to development if induced in embryos. Among these actions are generation of free radicals (Fornes et al., 1993; Kovacic, 2003) , alteration of ion transport (Cheng et al., 2003) , disruption of cell-to-cell communication (Hervé et al., 1996) , and induction of apoptosis (Ergun et al., 2004) .
One characteristic of preimplantation embryos is that their resistance to certain types of stress increases as development proceeds. In cattle, for example, embryos at more advanced cleavage stages have increased resistance to heat shock (Edwards and Hansen, 1997; Krininger et al., 2002; Paula-Lopes et al., 2003; Sakatani et al., 2004) . Such developmental acquisition of resistance, however, does not occur for other stresses. Examples in cattle include embryonic resistance to exposure to hydrogen peroxide (Morales et al., 1999) and arsenic (Krininger et al., 2002) .
The objectives of the present series of experiments were to characterize stages of development at which gossypol inhibits embryonic development and evaluate involvement of apoptosis in actions of gossypol.
MATERIALS AND METHODS

Materials
Sperm Tyrode's Lactate solution and HEPES Tyrode's Lactate solution were purchased (Cell and Molecular Technologies, Inc., Lavallete, NJ) and used to prepare Sperm-Tyrode's albumin lactate pyruvate (TALP), in vitro fertilization (IVF)-TALP, and HEPES-TALP as described previously (Parrish et al., 1986) . Bovine steer serum was purchased from Pel-Freez (Rogers, AR) and Percoll from Amersham Pharmacia Biotech (Uppsala, Sweden). Follicle stimulating hormone was Folltropin-V from Vetrepharm Canada (London, ON) and was purchased from Agtech (Manhattan, KS). Medium-199 with Hank's salts and without phenol red was obtained from Atlanta Biologicals (Norcross, GA) and was used to prepare oocyte collection medium by adding 2% (vol/vol) bovine steer serum, 0.04 U of heparin/mL, 100 U of penicillin-G/mL, 0.1 mg of streptomycin/mL, and 1 mM glutamine. Medium-199 with Earle's salts (Cell and Molecular Technologies) was used to prepare oocyte maturation medium by the addition of 10% (vol/vol) steer serum, 2 µg/mL of estradiol-17β, 20 µg/mL of FSH, 22 µg/mL of sodium pyruvate, 50 µg/ mL of gentamicin, and an additional 1 mM glutamine. Potassium simplex optimized medium (KSOM; Cell and Molecular Technologies) was used to prepare KSOM-bovine embryo 2 (BE2) as described elsewhere (Soto et al., 2003a) .
Gossypol (+/− isomers) was purchased from Sigma (St. Louis, MO) and dissolved to a concentration of 20 mg/mL in ethanol before dilution in culture medium so that the final concentration of ethanol was 1% (wt/wt). All other chemicals were obtained from Sigma or Fisher Scientific (Pittsburgh, PA).
In Vitro Production of Embryos
Cumulus-oocyte complexes were collected from ovaries obtained from a local slaughterhouse by slicing the surface of each ovary using previously described procedures (Soto et al., 2003a) . Cumulus-oocyte complexes having at least 1 layer of compact cumulus cells were washed 3 times and matured in groups of 10 in 50-µL drops of oocyte maturation medium overlaid with mineral oil for 22 h at 38.5°C in an atmosphere of 5% (vol/vol) CO 2 in humidified air. For fertilization, groups of 30 cumulus-oocyte complexes were transferred to 4-well plates containing 600 µL of IVF-TALP per well. Frozen-thawed sperm were purified by centrifugation on a Percoll gradient and resuspended in IVF-TALP to give an approximate concentration of 4 to 6 million spermatozoa/mL. Oocytes were fertilized by adding a 25-µL sperm suspension and 25 µL of a solution of 0. mM penicillamine, 0.25 mM hypotaurine, and 25 µM epinephrine in 0.9% (wt/vol) NaCl to each well. For each replicate, sperm were prepared from a pool of semen from 3 bulls and a different pool of bulls was used for each replicate. Presumptive zygotes were removed from the fertilization wells and denuded of cumulus cells by vortex mixing in 1 mL of HEPES-TALP containing hyaluronidase (1000 units/mL). After washing 3 times (twice in HEPES-TALP and then once in KSOM-BE2), groups of embryos were cultured in pre-equilibrated 25-or 50-µL drops of modified KSOM-BE2, overlaid with mineral oil at 38.5°C in 5% CO 2 . Embryos were assigned at random to drops. The number of embryos per drop was similar for each treatment within a replicate. Culture continued until d 8 after insemination.
Gossypol Added at the One-Cell Stage
At 8 h after insemination, presumptive zygotes were transferred in groups (25 to 30 each) to 50-µL microdrops of KSOM-BE2 medium containing gossypol at 0, 2.5, 5, or 10 µg/mL in 1% (vol/vol) ethanol. Cleavage rate was determined at d 3 after insemination and development to blastocyst stage was determined at d 8. The experiment was replicated 6 times with a total of 179 to 242 presumptive zygotes (i.e., oocytes subjected to insemination) per treatment.
A second experiment was performed to determine the effect of duration of exposure to gossypol beginning at the 1-cell stage on embryonic development. The design was a 2 × 2 factorial with main effects of gossypol (+ or −) and duration of exposure (24 h or 8 d). At 8 h after insemination, presumptive zygotes were transferred in groups (25 to 30 each) to 50-µL drops of KSOM-BE2 medium or KSOM-BE2 medium containing 1% (vol/vol) ethanol and gossypol (0 or 10 µg/mL). Embryos were cultured with gossypol for either 24 h or 8 d. For the 24-h groups, embryos were washed twice in drops of KSOM-BE2 after incubation for 24 h, transferred to a fresh drop of KSOM-BE2 without gossypol or ethanol, and cultured until d 8. For 8-d exposure, embryos were cultured in the same medium from 8 h after fertilization until d 8. In addition to the 4 treatments described above, a control group of embryos cultured without ethanol from 8 h after insemination until d 8 after insemination was included for each replicate. Cleavage rate was determined at d 3 after insemination and development to the blastocyst stage was determined at d 8. The experiment was replicated 6 times with a total of 237 to 268 presumptive zygotes per treatment.
Gossypol Added at the Two-Cell Stage
Two-cell embryos were collected 30 to 31 h after insemination and transferred to fresh 25-µL drops of KSOM-BE2 medium (8 to 18 embryos per drop) containing 1% (vol/vol) ethanol and gossypol (0, 2.5, 5, or 10 µg/mL). Development to the blastocyst stage was determined on d 8 after insemination. The experiment was replicated 7 to 13 times with a total of 111 to 338 embryos per treatment. Replication was unequal because for 6 or 13 replicates, embryos were assigned to gossypol (0 and 10 µg/mL) treatments only because of the limited number of embryos.
Another experiment was performed to test effects on 2-cell embryos of 24-h exposure to gossypol. Two-cell embryos collected 30 to 31 h after insemination were transferred to fresh 25-µL drops of KSOM-BE2 medium (10 to 20 embryos per drop) containing 1% (vol/vol) ethanol and gossypol (0 or 10 µg/mL) and cultured for 24 h. Embryos were then washed twice in drops of KSOM-BE2, transferred to a fresh drop of KSOM-BE2 without gossypol or ethanol, and cultured until d 8 after insemination when development to the blastocyst stage was determined. The experiment was replicated 6 times with a total of 118 to 129 embryos per treatment.
Effects of Gossypol on Cell Number and Apoptosis
Embryos ≥16 cells were collected on d 5 after insemination and transferred to 25 µL of KSOM-BE2 (medium 18.4 ± 1.5 17.7 ± 1.4 13.0 ± 1.5 3.1 ± 1.5 a Effect of gossypol (P < 0.05), duration of exposure (P < 0.01), and gossypol × duration (P < 0.05). control), KSOM-BE2 containing 1% (vol/vol) ethanol (vehicle control) or KSOM-BE2 containing gossypol (10 µg/mL) and 1% (vol/vol) ethanol. After culture at 38.5°C for 24 h, embryos were processed for determination of total cell numbers and apoptotic cells using the terminal deoxynucleotidyl transferase nick end labeling (TU-NEL) assay as outlined below. The experiment was replicated 6 times using 81 to 104 embryos per treatment. Embryos were used at d 5 after insemination for this assay to ensure they were sufficiently advanced in development to be capable of induced apoptosis responses (Paula-Lopes and Hansen, 2002) .
For the TUNEL assay, embryos were fixed in 4% (wt/ vol) paraformaldehyde for 1 h, washed in 10 mM KPO 4 (pH 7.4) containing 0.9% (wt/vol) NaCl (PBS) containing polyvinylpyrollidone (PVP) at 1 mg/mL and permeabilized in 50 µL of 0.5% (vol/vol) Triton X-100 containing 0.1% (wt/vol) sodium citrate for 30 min at room temperature. Positive controls were incubated in 25 µL of RQ1 RNase-free DNase (50 U/mL) at 37°C for 1 h. Embryos were washed in PBS-PVP and incubated in 25 µL of TUNEL reaction mixture containing fluorescein isothiocyanate-conjugated dUTP, and the enzyme terminal deoxynucleotidyltransferase, as prepared by the manufacturer (Roche, Indianapolis, IN), for 1 h in the dark at 37°C. Negative controls were incubated in the absence of terminal deoxynucleotidyltransferase for 1 h in the dark at 37°C. Embryos were washed in PBS-PVP and incubated in 25 µL of Hoechst 33342 (1 µg/mL) for 10 min in the dark at room temperature. Embryos were washed twice to remove excess Hoechst 33342 and mounted on poly-L-lysine coated (1:10 in PBS) microscope slides using 4 µL of glycerol. Each embryo was analyzed for total cell number and TUNEL-positive nuclei with ultraviolet and FITC (fluorescein isothiocyanate) filters, respectively, using a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss, Inc., Göttingen, Germany).
Statistical Analyses
For each replicate, percentages of presumptive zygotes that cleaved and percentages of embryos that developed to the blastocyst stage were calculated for all embryos within the same treatment. Thus, the group of embryos treated alike within each replicate was the experimental unit. For data on cell number and percentage TUNEL-positive cells, embryo was the experimental unit. Data were subjected to least squares ANOVA using the GLM procedure of the Statistical Analysis System (SAS for Windows, Release 8.02, SAS Institute, Inc., Cary, NC). Percentage data were analyzed without transformation and again after arcsin transformation to correct for any non-normality associated with percentage data. All main effects and interactions were included in the mathematical models for ANOVA. Replicate was considered random and other main effects were considered fixed. Thus, treatment × replicate was the error term for treatment. Data are reported as least squares means ± SEM. When transformation was applied, least squares means ± SEM are from the untransformed data and probability values are derived from analyses of transformed data. In one experiment, the number of replicates differed among treatments, and least squares means (but not F-tests) were obtained after removing the treatment × replicate interaction from the model. Differences between various levels of a main effect were determined using the pdiff mean separation test of SAS or by partitioning treatment effects into individual comparisons (medium control vs. others; vehicle control vs. gossypol) using orthogonal contrasts. Data for cell number and apoptosis were analyzed similarly except that the experimental unit was embryo.
RESULTS
Timing of Effects of Gossypol
Addition of gossypol 8 h after insemination had no effect on subsequent cleavage rate of presumptive zy- gotes, but the proportion that developed to the blastocyst stage at d 8 after insemination was reduced (P < 0.05) by gossypol at 10 µg/mL (Table 1) .
A second experiment was conducted to determine whether short-term treatment with gossypol would reduce embryonic development (Table 2) . Although exposure to gossypol (10 µg/mL) from 8 h after insemination until d 8 after insemination reduced the proportion of presumptive zygotes that developed to the blastocyst stage, no effect was detected for gossypol added for 24 h only (gossypol × duration; P < 0.05). In this experiment, a control consisting of embryos cultured without ethanol or gossypol from 8 h after insemination until d 8 after insemination was included. A greater proportion of these embryos developed to the blastocyst stage at d 8 after insemination than for embryos cultured with the ethanol vehicle (21.7 ± 1.6 vs. 13.0 ± 1.5%; P < 0.05).
Addition of gossypol to embryos harvested as 2-cell embryos at 30 to 31 h after insemination had no effect on the proportion of embryos that became blastocysts. This was the case whether gossypol was present continuously until d 8 after insemination (Table 3) or was present for 24 h only beginning at 30 to 31 h after insemination (Table 4) .
Possible Antiproliferative and Proapoptotic Actions of Gossypol on Embryos at Day 5
The effect of 24-h culture with gossypol on total cell number and apoptosis was examined in embryos ≥16 cells collected at d 5 after insemination (Table 5 ). No significant difference was detected among embryos treated with gossypol at 10 µg/mL and those treated with the 1% (vol/vol) ethanol vehicle for total cell number or percentage of TUNEL-positive nuclei. Both treatments together, however, had fewer (P < 0.05) total cell numbers and more (P < 0.01) TUNEL-positive nuclei compared with control embryos cultured without ethanol.
DISCUSSION
It is well known that gossypol can inhibit embryonic development (Zirkle et al., 1988; Brocas et al., 1997) and this antiembryonic action of gossypol is likely one reason that feeding lactating cows diets containing gossypol reduced fertility . Present results indicate that the period of embryonic development most sensitive to disruption by gossypol is narrow and limited largely to the first 24 h after insemination. This conclusion is based on the observation that adding gossypol immediately after fertilization (∼8 h postinsemination) reduced the proportion of oocytes that be- came blastocysts. No deleterious effects of gossypol were detected when gossypol was added at the 2-cell stage (∼30 to 31 h after insemination) or to embryos ≥6 cells at d 5 after insemination. It cannot be determined whether the critical event that gossypol disrupts occurs at the 1-cell stage only or whether the embryo develops cytoprotective mechanisms after the 1-cell stage that limit actions of gossypol. Synthesis of heat-shock protein 70 in response to heat shock, for example, occurs at the 2-cell stage but not in mature oocytes (Edwards and Hansen, 1996) .
The above discussion leads to the question of the mechanism by which gossypol inhibits development. Gossypol can lead to an increase in intracellular calcium ion concentrations via release from the endoplasmic reticulum, and influx from outside the cell (Cheng et al., 2003) . Such an effect might affect signaling events in the 1-cell embryo (Nakada and Mizuno, 1998; Tosti et al., 2002) . Another action of gossypol is to increase free radical production (Fornes et al., 1993; Kovacic, 2003) and addition of hydrogen peroxide to bovine embryos blocked development (Morales et al., 1999) . Embryos do not seem to acquire increased resistance to hydrogen peroxide as development advances, however (Morales et al., 1999) . Gossypol can induce apoptosis (Ergun et al., 2004) , but no increase in TUNEL-positive cells was detected in embryos ≥16 cells when exposed to gossypol. This stage was chosen for analysis of apoptosis responses because several other stimuli, including heat shock (Paula-Lopes and Hansen, 2002), arsenic (Krininger et al., 2002) , and tumor necrosis fac- tor-α (Soto et al., 2003b) induce apoptosis in embryos ≥16 cells. One possibility for the increased susceptibility of the 1-cell embryo to gossypol exposure is transcriptional inactivity at this stage of development. Although the major round of activation of the embryonic genome occurs at the 8-to-16-cell stage (Memili and First, 2000) , some transcription occurs as early as the 2-cell stage (Viuff et al., 1996) , and heat shock can regulate HSP70 gene expression at this stage (Chandolia et al., 1999) . Problems inherent in selecting embryos for experiments might lead to apparent stage-specific differences in response to a stress that are, in fact, due to embryonic selection. In the current studies, for example, the 2-cell embryos were harvested 30 to 31 h after insemination. Thus, embryos that cleaved early were more likely to be used for experimentation than embryos that cleaved later (after 30 to 31 h). Earlier-cleaving embryos have superior developmental competence (Ward et al., 2001) and the molecular basis for superior development of these embryos might confer increased tolerance to stress. Among the transcripts elevated in earlier-cleaving embryos is that for IGF-I (Lonergan et al., 2000) .
Given that the 1-cell embryo seems especially sensitive to gossypol, one unexpected observation was the failure of gossypol exposure for 24 h to block development of 1-cell embryos. This phenomenon is interpreted to represent the reversibility of actions of gossypol at the 1-cell stage. Although presence of gossypol at the 1-cell stage inhibited embryonic development, removal of gossypol after 24 h allowed the embryos to regain normal developmental potential. Thus, actions induced by gossypol in the 1-cell embryo that led to a reduction in developmental competence did not cause a permanent lesion in the embryo. Rather, actions of gossypol can be reversed, at least if exposure is limited to 24 h. In the present study, the effect of gossypol on embryo development was evaluated at several concentrations that fall within the range of values found in blood plasma of cows fed cottonseed meal (Brocas et al., 1997; Velasquez-Pereira et al., 2002; Prieto et al., 2003; Santos et al., 2003) . Only the highest concentration (10 µg/ mL) had a negative effect on the ability of 1-cell embryos to develop at the blastocyst stage. In an earlier study, concentrations as low as 5 µg/mL were effective at reducing embryonic development (Brocas et al., 1997) . Differences between the current study and that of Brocas et al. (1997) could reflect variation in the characteristics of the batch of gossypol, quality of oocytes obtained from the abattoir, or subtle differences in culture technique or conditions. In any case, 10 µg/mL represents a physiologically relevant concentration of gossypol for cattle fed cottonseed products.
One difficulty with interpretation of the present data is the fact that ethanol, which was used as a vehicle to dissolve gossypol, itself reduced development. This finding raises the possibility that effects of gossypol were exacerbated by damage caused by the ethanol carrier. Alternatively, if ethanol and gossypol exert similar actions on the embryo, it is possible that some of the deleterious actions of gossypol were masked by the ethanol carrier. Efforts to dissolve gossypol in lower and less embryotoxic concentrations of ethanol were unsuccessful. Accordingly, it is instructive to determine whether exposure to gossypol in vivo can induce similar effects as seen here. It is clear that cows fed cottonseed products that achieve tissue concentrations of 10 µg/mL will not necessarily experience infertility. For example, there was no adverse effect of gossypol on embryonic development in superovulated heifers fed cottonseed meal despite the heifers having concentrations of gossypol in plasma and endometrium of 5 to 7.5 µg/mL and 16 µg/mL, respectively (Velasquez-Pereira et al., 2002 The failure of gossypol to disrupt development of embryos in vivo suggests that mechanisms exist in the reproductive tract to counteract the deleterious effects of gossypol. In contrast, plasma concentrations of gossypol above 5 to 10 µg/mL were associated with lowered pregnancy rate per insemination for lactating dairy cows . One possibility is that effects of feeding cottonseed products on fertility of cattle may depend not only on the gossypol content and on availability in the feed but also on the status of cytoprotective mechanisms within the female.
In conclusion, the present results are consistent with the hypothesis that detrimental effects of gossypol on fertility in cows are mediated, in part, through direct effects of gossypol on embryonic development. The deleterious effects of gossypol in culture involved disruption of events at the 1-cell stage and such effects were reversible when gossypol was removed. After the 1-cell stage, gossypol does not affect development, either because the critical event(s) that gossypol disrupts occurs at the 1-cell stage only, or the embryo develops cytoprotective mechanisms after the 1-cell stage that limit actions of gossypol.
